D yssynchrony in heart failure has been used to describe nonsynchronous, abnormal electric activation, and an abnormal sequence of contraction. 1 Dyssynchronous activation of ventricular tissue, as it occurs in bundle-branch block, leads to less efficient contraction and worsening of heart failure, whereas resynchronization therapy improves cardiac contractility, morbidity, and mortality in these patients. 2 Dyssynchronous contraction is also observed in hearts with diastolic or systolic heart failure in the absence of overt electric conduction defects, 3 suggesting dysfunction at the level of the cardiomyocyte.
Ca 2+ controls a variety of other intracellular processes, such as metabolism, gene regulation, and cell death. 4 As a basis for differential signaling, Ca 2+ release during Ca 2+ -induced Ca 2+ release is tightly controlled in subcellular compartments at junctions of the sarcolemmal and sarcoplasmic membrane (couplons or Ca 2+ release units). Diffusion of Ca 2+ within the cytosol of myocytes is slow, resulting in intracellular Ca 2+ gradients during SR Ca 2+ release. 5, 6 We and others have recently shown that inhomogenous distribution of Ca 2+ release unit leads to dyssynchronous Ca 2+ release, 7 contributing to cardiomyocyte dysfunction in myocardial remodeling and heart failure. 8, 9 After myofilament activation, the rate of Ca 2+ removal from the cytosol determines the rate of Ca 2+ diffusion from the myofilaments and cardiomyocyte relaxation. The activity of the Ca 2+ transporters SERCA and NCX is regulated in functional and structural microdomains, involving kinases, phosphatases, and regulatory proteins. [10] [11] [12] Local regulation of cytosolic Ca 2+ removal may result in cytosolic diastolic Ca 2+ gradients attributable to intracellular variation of the rate of [Ca 2+ ] decay.
In the present study, we investigate for the first time intracellular regional differences in the kinetics of cytosolic [Ca 2+ ] decay in beating cardiomyocytes of mice, pigs, and in humans. We explore mechanisms of dyssynchronous [Ca 2+ ] decay, its effects on local cardiomyocyte sarcomere relaxation and show increased intracellular variation with cardiac remodeling and heart failure.
Methods
An expanded Material and Methods section can be found in the Online Data Supplement.
Animal Models and Cell Isolation
All animals were housed and treated according to the Guide for the Care and Use of Laboratory Animals (National Institute of Health). Single cardiomyocytes were isolated as previously described 7, 13 from the left ventricle (LV) of wild-type mice (FVB/N, age 11-20 weeks) or NCX1 heterozygous mice (NCX1 +/− ) developed by the group of Prof Herchuelz. 14 Human LV cardiomyocytes were isolated from end-stage failing hearts removed during heart transplantation or from donor hearts not suitable for transplantation as approved by the Local Ethics Committee (Ref No. 20-277 ex 08/09). None of the donors had a clinical history of heart failure. Donor hearts were classified as nonfailing (preserved ejection fraction) and in remodeling (reduced ejection fraction in the absence of clinical heart failure symptoms) according to echocardiographic assessment before explant.
Minimally invasive transverse aortic constriction (TAC) was performed in mice to induce pressure-overload and LV hypertrophy as described previously. 15 Confocal line scan images of cytosolic [Ca 2+ ] transients in cardiomyocytes from a porcine model of chronic myocardial ischemia reported earlier 8 were analyzed for subcellular dyssynchrony in cytosolic [Ca 2+ ] decay.
Subcellular [Ca 2+ ] i Measurements
Cardiomyocytes were loaded with Fluo3-AM (20 µmol/L for 20 minutes), Fluo4-AM (20 µmol/L for 35 minutes), or the ratiometric Ca 2+ indicators Asante-Calcium Red 16 (10 µmol/L for 90 minutes) to quantify cytosolic [Ca 2+ ] i . Cardiomyocytes were then kept in Tyrode solution, containing (in mmol/L) NaCl 136, KCl 5, CaCl 2 1, MgCl 2 1, HEPES 10, and glucose 10; pH was adjusted to 7.35 with NaOH. Cells were transferred to laminin-coated culture dishes on the stage of a confocal microscope (Zeiss, LSM 510 Meta, Jena, Germany), and superfused with Tyrode solution (37°C), containing blebbistatin (10 µmol/L, Tocris Bioscience, Bristol, United Kingdom) or butanedione monoxime (10 mmol/L) to avoid cell movement. Line scan images were obtained by repetitive scanning. A scan line was selected parallel to the longitudinal axis, extending across the full length of the cardiomyocyte in the focal plane. All fluophores were obtained from Life technologies/Invitrogen. All chemicals were purchased from Sigma-Aldrich (Germany), unless otherwise stated.
Localization of Mitochondria
Mitochondria were labeled in Fluo-4 AM loaded cells with Mitotracker Red AM or Tetramethylrhodamine methyl ester (TMRM). Mitotracker Red signal or TMRM signal and Ca 2+ -dependent fluorescence along the scan line were measured simultaneously in a subset of cells. In TMRM-stained cardiomyocytes, mitochondrial density was quantified by automated thresholding.
Visualization of Sarcomere and Global Cell Shortening
In a subgroup of murine cardiomyocytes (SHAM and TAC), cellular contraction was measured in transmitted laser light line scan images in the absence of laminin, blebbistatin, or butanedione monoxime. A subgroup of these cells was loaded with Fluo-4 to simultaneously record confocal Ca 2+ transients. In another group of mice, the sarcolemma, including the T-tubules, was stained with Alexa Fluor 594 wheat germ agglutinine (10 µg/mL for 40 minutes), and the cells were loaded with Fluo-4 AM. Similar recordings were available for analysis from the pig model. 8 In line scan images, the T-tubule signal appeared as a regular spaced pattern marking the Z-lines of the sarcomeres. 7
Experimental Protocol
Cardiomyocytes were stimulated in an electric field at the given frequencies until steady state of the cytosolic [Ca 2+ ] transient amplitude. Line scan images of 5 to 10 successive [Ca 2+ ] transients were recorded (baseline). Forskolin (adenylyl cyclase agonist; 10 µmol/L), cyclopiazonic acid (SERCA-inhibitor; 5 µmol/L), SEA0400 (NCX-inhibitor; 0.3 µmol/L, provided by Endotherm GmbH, Saarbrucken, Germany), istaroxime (Na + /K + -ATPase inhibitor and direct SERCA stimulator 17 ; 1 µmol/L for 10 minutes; a gift from Sigma-Tau Industrie Farmaceutiche Riunite S.p.A, Italy), or Ru360 (mitochondrial Ca 2+ uniporter inhibitor; 5 µmol/L, preincubation for 8 minutes; EMD Millipore) were washed-in, and another line scan image of 5 consecutive [Ca 2+ ] transients was recorded at steady state. A subgroup of human cardiomyocytes was stimulated at different frequencies (0.5-2 Hz scanned line was taken as a measure of regional variability of the cytosolic [Ca 2+ ] decay kinetics. Cell length was quantified from the distance between the upper and lower cell margin in the scanned line. In confocal line scans, this distance represents the cell length in the confocal plane (projected cell length). In transmitted light line scans (Online Figure V) , the outer margins delineate the overall cell length. The distance between adjacent sarcomeres (local sarcomere length) was measured in Alexa594-wheat germ agglutinine line scan images as detailed in the Online Data Supplement and Figure 6D . TMRM image stacks were quantified as described in Heinzel 8 and the Online Data Supplement. 
Statistical Analysis

Results
Rate of Cytosolic [Ca 2+ ] Decay Varies in Adjacent Regions
In murine ventricular cardiomyocytes stimulated at 1 Hz, the time constant of global [Ca 2+ ] (TAU global ) was 197±18 ms (n=17 mice; n=48 cells). The time constant of local [Ca 2+ ] decay (TAU local ) in the cytosol varied between different regions of the cell ( Figure 1A and 1B), with an average range of 237±9 ms between fastest and slowest TAU local , and an SD (SD TAU ) of 17±2 ms (range, 3-55 ms). On average, in regions of fast [Ca 2+ ] decay (fastCaR; ie, TAU local >TAU global ), TAU local was 19±2% faster as compared with regions with slow [Ca 2+ ] decay (slowCaR; TAU local ≤TAU global ), with a mean TAU local of 180±16 versus 216±21 ms, respectively. Analysis of sequential beats revealed little beat-to-beat variability in the local kinetics of [Ca 2+ ] decay during steady state of the [Ca 2+ ] transient amplitude ( Figure 1C ). The average widths of contiguous regions with fast and slow [Ca 2+ ] decay were comparable (4.6±0.2 versus 5.1±0.5 µm, respectively; Figure 1D ).
Variation in the Rate of Cytosolic [Ca 2+ ] Decay Is Not Related to Ca 2+ Release or End-Diastolic [Ca 2+ ]
We tested whether the kinetics of diastolic cytosolic [Ca 2+ ] decay was related to the amplitude of the local cytosolic [Ca 2+ ] transient. Figure 2A shows no significant correlation between TAU local and the local [Ca 2+ ] transient amplitude, although in regions with a TAU local close to the mean TAU global , [Ca 2+ ] removal seemed slightly faster with higher local F peak . The low coefficient of correlation (R=0.39), however, indicates that this only explains a minor part of the observed variation in TAU local . Diastolic cytosolic [Ca 2+ ] is 1 potential determinant of the cytosolic [Ca 2+ ] buffering reserve. 18 Therefore, we investigated the impact of local differences in end-diastolic [Ca 2+ ] on TAU local of the local [Ca 2+ ] transient decay independent of regional variations in the reporting Ca 2+ dye by using Asante Ca 2+ Red as a ratiometric Ca 2+ indicator (Figure 2B-2D; n=9 cardiomyocytes). As shown in Figure 2D , TAU local was not related to the mean local end-diastolic [Ca 2+ ] averaged during the last 30 ms before the stimulus.
Modulation of SERCA Activity Has Significantly Stronger Effects in Regions of Slow [Ca 2+ ] Decay
Forskolin stimulates SERCA activity via an adenylate cyclase/protein kinase A-dependent pathway. With forskolin, the maximal amplitude of the [Ca 2+ ] transient was significantly increased (6.5±0.7 versus 4.9±0.5 F/F 0 ; Figure 3A and 3B; n=17). Forskolin accelerated the cytosolic [Ca 2+ ] decay (TAU global ) significantly more in slowCaR than in fast-CaR, as reflected by an inverse linear relationship between the relative TAU local at baseline and the decrease in TAU local with application of forskolin ( Figure 3C ). Similar effects were observed when SERCA activity was increased by istaroxime or by increased SR Ca 2+ release after a stimulation pause (postrest potentiation; Figure 3D ; see also Online Data Supplement and Online Figure IV for details). SERCA inhibition by cyclopiazonic acid significantly slowed the wholecell cytosolic [Ca 2+ ] decay ( Figure 3D ; TAU global : 264±29 versus 189±13 ms at baseline). Again, the local cytosolic [Ca 2+ ] decay was significantly more affected in slowCaR than in fastCaR ( Figure 3D ).
The distribution of TAU local at baseline was normally distributed (Shapiro-Wilk test), thus it can be described by the spatially averaged TAU global and SD TAU . TAU global was linearly correlated with SD TAU (Figure 3E , black line; R= 0.65; P<0.05; n=28 cells). If the modulation of SERCA activity affects SD TAU , regardless of changes in TAU global , then the relationship between TAU global and SD TAU should be altered. Indeed, in the presence of forskolin, the relationship between TAU global and SD TAU was significantly less steep ( Figure 3E ; n=17 cells; P<0.05 versus baseline), indicating less influence of intracellular variation in TAU local on TAU global . In contrast, in the presence of cyclopiazonic acid, SD TAU was significantly higher than at baseline (45±7 versus 26±5 ms; n=11 cells; P<0.01), the slope tended to be steeper than at baseline (P=0.16), and TAU global was more strongly related to SD TAU (R=0.90).
Variation in the Rate of Cytosolic [Ca] 2+ Decay Was Unchanged With Altered NCX Activity
The effect of inhibition of the sarcolemmal NCX with SEA0400 on local [Ca] 2+ decay kinetics was evaluated in murine cardiomyocytes (Online Figure IIA) . With the addition of SEA0400, TAU global and SD TAU were significantly increased. TAU local was similarly prolonged in fastCaR and slowCaR, so that the relationship between TAU global and SD TAU was unchanged (Online Figure IIB) . We confirmed these findings in the TAC mouse model, which showed increased NCX1 protein expression and forward mode activity (Online Figure III) . NCX inhibition with SEA0400 had no effect on the relationship between TAU global and SD TAU in TAC. Furthermore, in NCX1 +/− mice, the relationship between TAU global and SD TAU was unchanged. See Online Data Supplement for a detailed description of NCX1-related experiments.
Rate of Regional Cytosolic [Ca 2+ ] Decay and Mitochondria
We compared the distribution of mitochondria visualized with the fluorescent dye Mitotracker Red with the kinetics of local cytosolic [Ca 2+ ] decay in the same cell. The association of structures and Ca 2+ dynamics in 2-dimensional images is complicated by the potential effects of close by but out-of-plane structures. 7, 19 However, despite this limitation, regions with increased density of the mitochondrial signal were significantly more often associated with fast cytosolic [Ca 2+ ] decay ( Figure 4A ). We used Ru360 to block mitochondrial Ca 2+ uptake via the mitochondrial Ca 2+ uniporter. In the majority of cardiomyocytes (n=8/14), Ru360 induced a prolongation of TAU global (242±32 versus 187±31 ms; P<0.01). In these cells, the prolongation of cytosolic [Ca 2+ ] decay was significantly higher in fastCaR than in slowCaR ( Figure  4B and 4C) . The relationship between TAU global and SD TAU tended to be steeper with Ru360 ( Figure 4D ; P=0.083 for difference in regression lines).
Intracellular Variation in the Rate of [Ca 2+ ] Decay in Porcine and Human Myocardium
We compared the intracellular variation of local cytosolic [Ca 2+ ] decay kinetics in mouse, pig, and human ventricular cardiomyocytes ( Figure 5A ). TAU global was significantly different among all species (human: 510±77 ms, n=4; pig: 251±11 ms, n=54; mouse: 137±11 ms, n=33; all P<0.001). Average SD TAU was larger in human (169±19 ms) versus pig (62±5 ms) versus mouse (12±7 ms), and SD TAU was linearly correlated with TAU global within the groups ( Figure 5B ). The regression curves of SD TAU and TAU global , however, were significantly different among species.
We and others have previously shown that in porcine, 7 as well as in human, 20 cardiomyocytes Ca 2+ release after depolarization is delayed in some regions of the cell, related to a lower density of T-tubules with couplons in these regions. In porcine ventricular myocytes, the timing of SR Ca 2+ release (time to half maximal release) had no impact on TAU local (Figure 5C, left) . Our results suggest that the distribution of T-tubules does not influence the observed variation in the rate of cytosolic [Ca 2+ ] decay. However, delayed local Ca 2+ release translates into delayed initiation of local Ca 2+ removal. Figure 5C (right) demonstrates that dyssynchronous Ca 2+ release adds to the regional differences in the time to near complete cytosolic [Ca 2+ ] decay (RT 90 ). We conclude that dyssynchrony in Ca 2+ release adds to the dyssynchrony in the timing to restore cytosolic resting [Ca 2+ ] ( Figure 5C, right) , but not to the variation in the rate of local [Ca 2+ ] removal ( Figure 5C, left) . Cardiomyocytes typically show frequency-dependent acceleration of relaxation, attributed to CaMKII-dependent SERCA activation. 21 As expected, TAU global was significantly faster with increased stimulation frequency in human cardiomyocytes ( Figure 5B, right) . However, this is associated with increased variability in local [Ca 2+ ] decay as reflected by SD TAU . With higher stimulation frequency, the relationship between TAU global and SD TAU was significantly less steep, indicating less influence of SD TAU on TAU global .
Subcellular Mechanical Dyssynchrony
We measured whole-cell contraction in transmitted light line scan images ( Figure 6A ) and found a significant linear correlation between TAU global of the [Ca 2+ ] transient measured in the confocal plane and the time constant of whole-cell relengthening ( Figure 6B ). Murine cardiomyocytes have a very regular T-tubule network 7 with the transverse tubules following the Z-lines of the sarcomeres at a regular spacing of ≈2 µm in the line scan images. We used Alexa594wheat germ agglutinine to stain the transverse tubules and thereby visualize local sarcomere shortening during electric stimulation ( Figure 6C) . The time constant of local sarcomere relengthening calculated from the sarcomere length at 5 time points during relaxation ( Figure 6D ) correlated significantly with TAU local of cytosolic [Ca 2+ ], indicating that dyssynchrony of the decay of cytosolic [Ca 2+ ] contributes to dyssynchronous intracellular sarcomere relengthening. A significant linear correlation between TAU local of sarcomere relengthening and TAU local of [Ca 2+ ] ( Figure 6E ) was found in 5 out of 6 cells (R=0.65±0.06).
Dyssynchrony in Cytosolic [Ca 2+ ] Decay Is Increased in Myocardium With Severe Contractile Dysfunction
We investigated the intracellular variation of cytosolic [Ca 2+ ] decay in ventricular cardiomyocytes in a murine model of heart failure after 6 weeks of TAC. As shown in Figure 7A , SD tau was significantly higher in TAC (5 hearts, n=9 cells) as compared with sham-operated animals (5 hearts, n=8 cells). The relationship between TAU global and SD TAU was significantly different between TAC and Sham ( Figure 7A , middle). In TAC, cardiomyocyte relengthening was significantly slower than in Sham (Online Figure VA-VC) . Similarly, in TAC, TAU global of cell relengthening tended to increase as a function of TAU global and SD TAU of the [Ca 2+ ] transient (Online Figure VD) . Projected cell length in the confocal plane of the line scan was significantly higher in TAC versus Sham (137±22 versus 72±10 µm), reflecting cardiomyocyte hypertrophy reported earlier in this model. 15 SD TAU was significantly correlated to projected cell length ( Figure 7C ; R= 0.54; P<0.05).
Similarly, in hypertrophied cardiomyocytes from the infarct border zone of a porcine model of chronic myocardial ischemia, 8 SD TAU was significantly larger, whereas TAU global was comparable with Sham. Similar to our findings in the mouse, the addition of forskolin accelerated cytosolic [Ca 2+ ] decay significantly more in slowCaR as compared with fast-CaR (see Online Data Supplement for details). Finally, we examined subcellular [Ca 2+ ] decay in LV cardiomyocytes isolated from end-stage failing human hearts (3 hearts, n=7 cells), donor hearts from patients without clinical history of heart failure but with echocardiographic signs of cardiac remodeling and mild-to-moderately reduced ejection fraction (n=2 hearts, n=4 cells) and donor hearts (n=4, n=18) without echocardiographic signs of cardiac remodeling or dysfunction (see Online Table I for details). Figure 7B shows that SD TAU and TAU global were unchanged in early cardiac remodeling but both significantly increased in end-stage failing hearts. SD TAU tended to increase with projected cell length ( Figure 7C, right) .
Dyssynchrony Related to Altered Mitochondrial Density
We compared mitochondrial signal density in Sham and TAC mice as well as in human nonfailing cardiomyocytes. Mitochondrial signal density was higher in human as compared with murine nonfailing cardiomyocytes (Online Figure  VIIIB) . Mitochondrial signal density was also increased in 6-week TAC versus Sham mice (Online Figure VIIIC) . Increased SD TAU was significantly related to mitochondrial signal density recorded in the same cells (Online Figures  VIIIB and VIIIC) .
Discussion
In cardiac myocytes, coordinated Ca 2+ release from the SR determines cellular contraction. Ca 2+ -induced Ca 2+ release is regulated locally in subcellular microdomains. 22 Recent evidence has shown that disruption of this intracellular organization, for example, by the loss of T-tubules, contributes to contractile dysfunction in chronic ischemia, myocardial hypertrophy, and heart failure. 8, 23 We provide the first quantitative evidence for regional differences in the subcellular regulation of [Ca 2+ ] decay in the cytosol of cardiac myocytes during diastole. The rate of [Ca 2+ ] decay substantially varies between adjacent regions within the myocyte and responds differentially to pharmacological modulation. Intracellular variation in the rate of cytosolic [Ca 2+ ] decay was significantly increased in animal models of myocardial hypertrophy (after TAC) and chronic myocardial ischemia. Dyssynchrony was also significantly increased in end-stage human heart failure, associated with slowed global [Ca 2+ ] decay.
In the present study, we used the SD (SD TAU ) as an indicator of spatial variability in the rate of cytosolic [Ca 2+ ] decay. It seems reasonable to interpret SD TAU in the context of mean TAU (TAU global ). Indeed, we found a positive linear relationship between these 2 parameters in cardiomyocytes under similar conditions. However, interventions and conditions leading to altered intracellular Ca 2+ trafficking had differential effects on SD TAU and TAU global , resulting in significant alterations in their relationship and confirming SD TAU and TAU global as 2 complementary parameters in the regulation of cytosolic [Ca 2+ ] decay.
A variety of processes are regulated by local cytosolic [Ca 2+ ], and different rates of cytosolic [Ca 2+ ] decay may result in dyssynchrony of Ca 2+ -mediated processes during the cardiac cycle, as we have documented with local sarcomere relengthening. In addition to the rate of local [Ca 2+ ] decay, dyssynchrony may be influenced by variation in the onset of local Ca 2+ removal, which is determined by the onset of Ca 2+ release into the cytosol. We demonstrate in Figure 5C that the onset of local Ca 2+ release significantly influences the timing of restoration of cytosolic [Ca 2+ ] (RT 90 ), but not the rate of [Ca 2+ ] decay. Therefore, the onset of Ca 2+ release (and thus removal) and the rate of cytosolic [Ca 2+ ] decay are independent determinants of dyssynchrony ( Figure 5C ). SR Ca 2+ reuptake via SERCA and NCX1-mediated Ca 2+ extrusion are the main pathways of Ca 2+ removal from the cytosol in cardiac myocytes. As discussed in more detail in the Online Data Supplement, NCX1 activity did not contribute to dyssynchrony in murine nonfailing and TAC cardiomyocytes despite increased NCX1 activity in TAC. However, because NCX1 activity in human myocardium has been reported to contribute to an even larger extend to cytosolic Ca 2+ removal, 24 the role of NCX for dyssynchrony in human myocardium remains to be investigated.
Dyssynchronous Ca 2+ removal could potentially be explained by an inhomogenous distribution of SERCA2a protein along the SR. Our experiments in intact primary cardiomyocytes did not allow for simultaneous visualization of SERCA distribution. However, previous reports indicate a homogenous sarcomeric distribution pattern of SERCA2a. 25, 26 In cardiomyocytes, SERCA activity is highly regulated (see Online Data Supplement for a detailed discussion). In the present study, local cytosolic [Ca 2+ ] decay in slowCaR was significantly more sensitive to SERCA stimulation and inhibition (Figure 3 ; Online Figure IV) , indicating a larger role of SERCA in removing cytosolic Ca 2+ in slow-CaR regions versus fastCaR regions. The rate of SR Ca 2+ reuptake by SERCA depends on cytosolic [Ca 2+ ], 27 which could imply that local Ca 2+ release may affect the kinetics of local SR Ca 2+ reuptake by SERCA. However, neither the timing of local Ca 2+ release ( Figure 5C ) nor the local peak amplitude of cytosolic [Ca 2+ ] (Figure 2A ) contributed significantly to the observed variance in the local kinetics of cytosolic [Ca 2+ ] decay.
In the present study, we observed only little beat-to-beat variability in the distribution of slowCaR and fastCaR during steady-state stimulation. In addition, faster Ca 2+ turnover with higher stimulation frequency ( Figure 5B ) increased the spatial variability in TAU local . These observations may indicate that the variability in TAU local is related to the distribution of intracellular structures. We found that regions of fast [Ca 2+ ] decay were more often associated with regions of increased mitochondrial signal density (Figure 4 ). The role of mitochondrial Ca 2+ uptake in regulating excitation-contraction coupling is not completely understood (see Online Data Supplement for a more detailed discussion). Mitochondria and the endoplasmatic reticulum form narrow compartments, 28 which are constituted by direct links between the endoplasmatic reticulum membrane and the outer mitochondrial membrane (tethers). 12 SERCA is sensitive to mitochondrial ATP production and the organization of mitochondria and SR may directly influence the rate of SR Ca 2+ reuptake. 29, 30 However, the role of metabolic regulation for subcellular differences in cytosolic [Ca 2+ ] decay remains to be determined.
Because the time course of cytosolic [Ca 2+ ] decay correlates with cardiomyocyte relaxation ( Figure 6A and 6B) , we hypothesized that local variation in the decay of cytosolic [Ca 2+ ] may be associated with different rates of sarcomere relengthening within the same cardiomyocyte, as confirmed in Figure  6E . Interestingly, several authors have shown before that sarcomere relaxation is not uniform in striated muscle (see Reference 31 for review). Edman and Flitney 32 hypothesized that nonuniform changes in sarcomere lengths are mainly because of regional differences in the rate of Ca 2+ removal. In the present study, we provide the evidence for regional inhomogeneities in [Ca 2+ ] decay giving rise to dyssynchronous sarcomere relengthening. Dyssynchronous sarcomere relengthening can influence the kinetics of muscle tension decay. 32 Stern et al 33 suggested that local diastolic Ca 2+ gradients (related to spontaneous Ca 2+ waves) may impair relaxation by increasing diastolic tension, as well as reducing contraction during the subsequent beat. Slow decay of [Ca 2+ ] from the cytosol may reactivate crossbridge cycling, 34 and it is conceivable that the subcellular synchrony of cytosolic [Ca 2+ ] decay and sarcomere relengthening determine the efficacy of cardiomyocyte relaxation.
In multicellular preparations and at increased mechanical load myofilament, cross-bridge kinetics are the major rate determining step in relaxation. 35, 36 Because our recordings were performed in isolated unloaded cardiac myocytes, the correlation between parameters of intracellular [Ca] decay (ie, TAU global or SD TAU ) and the rate of relaxation (Online Figure VD) , thus, may be confounded in vivo by slower myofilament relaxation. Therefore, the role of dyssynchronous Ca 2+ reuptake for mechanical relaxation in vivo remains to be determined. However, cytosolic Ca 2+ removal is the initiating step for relaxation, and the rate of cytosolic Ca 2+ removal does influence relaxation kinetics in isolated cells, 37 multicellular preparations, 38, 39 and also in vivo. 40 Interestingly, if Ca 2+ is removed (nearly) instantaneously, mechanical nonuniformity in relengthening of sequential sarcomeres may even facilitate myofilament relaxation. 31, 41 The spatial differences in local Ca 2+ removal kinetics we describe here likely also result in heterogeneity of Ca 2+ removal of contiguous sarcomeres of the same myofibril (see Online Data Supplement for details). However, although some extent of dyssynchrony may provide a benefit for relaxation in physiological conditions, we clearly show that increased dyssynchrony is associated with slowed [Ca 2+ ] decay and cardiomyocyte relaxation. Additionally, passive stretching of weaker (yielding) sarcomeres by their contracted neighbors results in reduced myofilament Ca 2+ binding, 42 and Ca 2+ surges released from the myofilaments during nonuniform contraction have been identified as a cause of arrhythmias. 42, 43 Thus, an increased dyssynchrony in intracellular [Ca 2+ ] decay and sarcomere relengthening may in several ways impair cardiomyocyte function.
A significantly increased level of dyssynchrony in cytosolic [Ca 2+ ] decay was observed in LV cardiomyocytes from murine hypertrophied failing hearts after TAC ( Figure  7A ), associated with slowed cardiomyocyte relengthening in TAC (Online Figure VC) . Similarly, in the porcine model of chronic regional myocardial ischemia, a significant, albeit less pronounced, increase in dyssynchrony was observed in cardiomyocytes from the infarct border zone (Online Data Supplement). Finally, we could confirm in human hearts that an elevated level of dyssynchrony is characteristic for stage D 44 heart failure.
Both models and human end-stage heart failure are associated with cardiomyocyte hypertrophy as a result of myocardial remodeling ( Figure 7C ). 8 Although confocally derived cell length in 1 plane is only an estimate of total cell size, our data indicate that dyssynchrony in cytosolic [Ca 2+ ] decay is related to cellular hypertrophy.
In electron micrographs, mitochondrial density is higher in human as compared with rodent hearts. 45 Similarly, we found an increased mitochondrial signal density in nonfailing human as compared with murine cardiomyocytes (Online Figure VIII) . In TAC mice, mitochondrial signal density was significantly higher than in Sham and correlated with increased dyssynchrony of Ca 2+ reuptake. Mitochondrial alterations in cardiac remodeling have been described before, with an increased mitochondrial mass reported in some [46] [47] [48] but also a decrease in mitochondrial size (mitochondrial fission) observed in other models. 49 An increase in mitochondrial volume indicating mitochondrial remodeling was also found in electron micrographs in the present TAC model. 15 Despite this evidence, it is currently unclear why mitochondrial remodeling with increased mitochondrial density is associated with more dyssynchrony, and we cannot exclude that additional mechanisms leading to heterogeneity in local mitochondrial or SR function contribute to dyssynchronous cytosolic Ca 2+ removal.
Interestingly, dyssynchrony in Ca 2+ removal was not increased in the hearts from donors with no clinical history of heart failure but adverse LV remodeling and mild-to-moderately reduced ejection fraction, equivalent to heart failure stage B. 44 Because global LV function was also only mildly reduced in the porcine model, 8 our results highlight the close association between regional myocardial function and cellular function of the cardiomyocytes.
In summary, we show that dyssynchronous diastolic [Ca 2+ ] decay within individual cardiomyocytes contributes to dyssynchronous intracellular sarcomere relengthening. Intracellular dyssynchrony of [Ca 2+ ] decay is increased in animal models and in human heart failure and represents a potential new mechanism underlying contractile dysfunction in cardiac remodeling.
